The development of animal embryos depends on accurate coordination of the growth and specification of precursor cells. Morphogens, extracellular signals that act at a distance to control cell fate, are crucial in the patterning of embryonic tissues. One of the most extensively studied examples of a morphogen patterned tissue is the developing vertebrate spinal cord. The distribution of distinct neuronal subtypes along the dorsoventral (DV) axis of the spinal cord is determined by counteracting gradients of long-range signals. Wnt and BMP signals promote dorsal identities, while Shh signaling induces ventral identities. Simultaneous to their specification, neural progenitors proliferate, facilitating the growth of the neural tube. In this review we discuss evidence indicating that the signals governing progenitor specification also control proliferation and survival of progenitor cells. Moreover, evidence of reciprocal transcriptional interactions and cross-talk between the signaling pathways has emerged from recent studies. Together these studies suggest ways in which patterning and growth may be coordinated in the spinal cord. One level of interaction is an inhibitory regulation of repressor forms of the transcription factor Gli3-generated in the absence of Shh-on b-catenin activity, the transcription factor activated by Wnt signaling. This interaction may also be relevant in other tissues and situations in which the two signaling pathways are known to participate.
IntroductIon
A key challenge faced by embryos is to regulate the growth and patterning of fields of cells that comprise forming tissues. Tissue development involves the expansion of precursor cells and the differentiation of these into functionally distinct cell types in precise temporal and spatial patterns. Coordination between the processes that regulate cell proliferation and cell specification is therefore necessary to ensure well-ordered development. Disturbances in the balance between these processes are likely to have deleterious consequences for the animal.
Recent attention has focused on the action of long range signals in the specification of cell fate in embryonic tissues. Many of these signals act as morphogens-signalling molecules acting in gradients, at a distance from their source, to induce different cell fates in a concentration dependent manner. The ability of graded signals to impart positional information to control the pattern of cell specification in developing tissue has been reviewed recently in refs. 1-3. Typically, the cell fate specifying role of morphogens has been the major focus of study. However, recent work has begun to indicate that many morphogens also act as mitogenic/survival factors for the precursor cells in forming tissue. 4 This has led to the recognition that cell specification and proliferation may be regulated and co-ordinated by the same signals. In addition, in many tissues, several different signals are involved in growth control and pattern formation. This can involve cooperative or opposing activities between the signals and mounting evidence suggests cross-talk and reciprocal interactions between signaling pathways. Therefore, individual signals within a tissue do not operate in isolation.
The role of morphogens as mitogenic agents and the discovery of molecular connections between different morphogen signaling pathways is adding new complexity to the intricate networks that regulate cell fate and cell growth during development. Understanding the molecular mechanisms that account for these activities and identifying the roles they play is an important aim of current research. Due to its well defined anatomical structure [Cell Cycle 6:21, 2640 -2649 , 1 November 2007 ; ©2007 Landes Bioscience and experimental tractability, the spinal cord has been extensively used as a model to dissect the mechanisms of morphogen action. Here we provide an update on the evidence that morphogens play a crucial role in controlling cell proliferation and summarize data that shed light on the interaction and cross-talk between key signaling pathways. We will also discuss the implications of these findings for models of tissue development.
FormAtIon And PAtternIng oF the sPInAl cord
In vertebrates, the spinal cord comprises the caudal region of the CNS. It originates during gastrulation from the neural plate-the specialized neural region of the dorsal ectoderm-and forms progressively, in tandem with the posterior extension of the body axis 5 ( Fig. 1) . As development proceeds the neural plate invaginates and closes dorsally to form the neural tube. Simultaneously, patterning along the rostro-caudal (RC) and dorso-ventral (DV) axes commences and cells begin to acquire regional identities determined by their locations within the neural tube. Along the DV axis, spatially delimited expression domains of transcription factors are established. This transcription factor code defines blocks of progenitors each of which generates a distinct neuronal subtype of the spinal cord. [6] [7] [8] Initially the majority of the cells in the neural tube are mitotic progenitors and proliferation results in the growth of the neural tube. This expansion generates a significant increase in the number of cells in the neural tube and an enlargement in both the DV and RC dimensions of the spinal cord. As neuronal differentiation begins, neurons leave the cell cycle and acquire specific identities according to their DV and RC position (reviewed in refs. 6 and 7). This spatially restricted generation of specific neuronal subtypes is crucial for the subsequent assembly of functional neuronal circuits.
Several families of signaling molecules have been implicated in the control of neural tube patterning and growth. Here we will focus on four of the key signaling molecules. We will not discuss signals such as Notch, which although crucial for neural progenitor fate and proliferation, 9 act at short range so do not fit the criteria of a morphogen. The DV patterning of the neural tube is dictated by Shh emanating from ventral regions of the neural tube and BMPs and Wnts originating from dorsal positions. In addition members of the FGF family have specific roles in the control of proliferation and patterning of neural progenitors.
FgF sIgnAlIng And the estAblIshment oF sPInAl cord ProgenItors
FGFs are a large family of secreted proteins that signal through receptor tyrosine kinases. They were initially identified, and are best known, for their mitogenic activity (reviewed in refs. [10] [11] [12] . The mitogenic effects of FGF encompasses neural progenitors, in particular it is well established that the growth of neural stem cells in vitro involves FGF signalling. [13] [14] [15] In addition to a role in proliferation control, FGFs have also been shown to have multiple functions during embryonic development that include patterning and cell specification events in the CNS (reviewed in refs. [16] [17] [18] . Of particular relevance to spinal cord development, FGF signalling has been implicated in the maintenance of a population of cells in the most caudal region of the forming neural tube. In this region, known as the caudal stem cell zone, neural progenitors are maintained in a proliferative, undifferentiated state, by FGF signalling, mainly FGF8 ligand emanating from the surrounding presomitic mesoderm. [19] [20] [21] Moreover, within the caudal stem zone, FGF signalling appears to inhibit the expression of several factors that are later induced in neural progenitors. These include a number of the key DV patterning genes such as Pax6, Irx3 and Dbx1/2. As progenitors emerge from the stem zone and enter the forming neural tube the influence of FGF signaling diminishes and cells are exposed to retinoic acid produced by the adjacent somites. [22] [23] [24] In this new environment, aided by an antagonistic activity of retinoic acid on FGF signaling, neural progenitors are released from the inhibitory effects of FGF signaling. Consequently, the progenitors acquire the competence to respond to DV patterning signals such as Shh and to differentiate into neurons. Thus FGF signaling is initially important to establish the population of progenitor cells that form the spinal cord. Then progression of neural development requires the inhibition of FGF signalling to allow regional patterning and the generation of post-mitotic neurons (reviewed in ref. 21) .
The activity of FGF8 in maintaining the caudal stem zone is in part dependent on Notch signalling. FGF signaling is required for expression of the proneural gene Cash4 in the stem zone, which in turn induces the Notch ligand Delta1. 20, 25 In addition, consistent with its proliferative activity, FGF signalling maintains Cyclin D2 expression in the caudal neural plate. 26 How FGF signaling inhibits the expression of genes involved in DV patterning of the neural tube is not clear. It is notable however, that in the cerebellum, FGF signalling inhibits Shh signalling. 27 This inhibition requires activation of FGF receptors and ERK and JNK kinases and appears to be upstream of Gli-mediated transcription-the transcriptional effectors activated by Shh signaling. This suggests that FGF signaling inhibits, by as yet uncertain mechanism, the transduction of a Shh signal. Whether a similar mechanism operates in the spinal cord remains to be determined. By contrast, in other contexts FGF signalling instead of inhibiting Shh signalling can mimic or cooperate with it. For instance, FGF is able to promote the generation of ventral identities in the absence of Shh signaling in the telencephalon. 28, 29 In addition, the combined action of FGF and RA can induce Olig2 expressing motor neuron progenitors in spinal cord explants in conditions where Shh is blocked. 24 The mechanistic details of these differing interactions between Shh and FGF signaling remain to be elucidated.
wnts Promote ProlIFerAtIon And InFluence cell sPecIFIcAtIon In the neurAl tube
Even in the absence of FGF signaling neural progenitors proliferate indicating the presence of additional mitogenic signals in the neural tube. Long-standing candidates for this activity are members of the Wnt family of secreted palmitoylated glycoproteins. These are well-known participants in multiple processes during embryonic development and adult life. Currently, three separate molecular pathways have been identified that transduce Wnt signalling in cells (the canonical, planar cell polarity and Ca 2+ pathways). The best characterised is the so-called canonical pathway (reviewed in ref. 30) . In response to the activation of the canonical Wnt pathway, the transcriptional co-activator b-catenin is stabilized and translocates to the nucleus where it regulates transcription by interacting with members of the TCF/Lef family of DNA binding proteins. [31] [32] [33] In the absence of Wnt signaling, cytosolic b-catenin is degraded by the proteosome via a mechanism that requires phosphorylation of b-catenin by GSK-3b. Binding of a secreted Wnt ligand to cell surface receptors of the Frizzled family and LRP5/6 initiates signaling which is transduced through Dishevelled, a cytoplasmic component of the Wnt signaling pathway, to inhibit GSK-3b activity and thus stabilize b-catenin. [34] [35] [36] [37] Multiple Wnt proteins are expressed in, and adjacent to, the developing neural tube. [38] [39] [40] Several members of the family have been implicated in specific patterning events during spinal cord development. Wnts are involved in the RC patterning of the neural tube and have been suggested to induce neural crest in the dorsal spinal cord (reviewed in refs. 30 and 41). A role for Wnt proteins in the patterning of the DV axis of the spinal cord has also been suggested by recent studies. Attention has focussed on Wnt1 and Wnt3a, both of which are expressed in dorsal regions of the neural tube. Mutant mouse embryos lacking both Wnt1 and Wnt3a displayed a loss, or reduction, of cell types characteristic of the dorsal neural tube. 42 Furthermore, in conditional mutant embryos that lack b-catenin in neural progenitors there was a loss of expression of Olig3, 43 a bHLH protein expressed in dorsal neural progenitors that is critical for specification of several dorsal neuronal subtypes. Conversely, b-catenin gain-of-function experiments resulted in ectopic expression of Olig3. 43 Nevertheless, other studies that have manipulated Wnt-b-catenin signalling in the neural tube have failed to find significant alterations in cell identities. [44] [45] [46] Recent observations of cross-talk between Wnt signalling and other pathways may explain these conflicting results (see below).
The role of the canonical Wnt pathway in cell cycle progression and cell survival is well established in several systems including the neural tube. Wnt1 deficient mice lack midbrain 47, 48 while the hippocampus is absent in Wnt3a mice mutants. 49 Furthermore, the reduction in neural crest and deficiency in dorsolateral neural precursors in the hindbrain of Wnt1/Wnt3a double mutants could, at least in part, be accounted for by a reduction in cell proliferation or survival. Within the forming spinal cord, a DV gradient of Wnt signaling, composed principally of Wnt1 and Wnt3a, has been proposed to organize the growth of neural progenitors. 46 Thus, the ectopic expression of Wnt1-under the control of the Hoxb-4 region A enhancer-induces an increase in the number of mitotic cells in the spinal cord of mice embryos. 50 Consistent with this, the expression of constitutively active b-catenin, in mouse or chick embryos increases progenitor proliferation and diminishes cell differentiation. 45, 46, 51 In contrast, overexpression of dominant negative Tcf-4 in chick embryos or b-catenin deficiency in mouse embryos results in a reduced progenitor proliferation and an increase in the neuronal differentiation along the entire DV axis of the neural tube. 46, 51 The mitogenic activity of Wnt signaling in neural cells is consistent with its widely studied activities to promote the proliferation and maintenance of stem cells and cancer cells (reviewed in refs. 30 and 52) .
In the neural tube it has been suggested that Wnt-b-catenin positively regulates progenitor proliferation by promoting G 1 to S progression and negatively regulating cell differentiation by inhibiting cell cycle exit. 46 Several genes crucial to cell cycle progression have been identified as direct targets of Wnt-b-catenin/TCF signalling, these include c-Myc, N-Myc and Cyclin D1. [53] [54] [55] [56] In the neural tube, Wnt-b-catenin signalling transcriptionally regulates the G 1 cyclins, Cyclin D1 and Cyclin D2 but not the G 2 /M cyclins, Cyclin A1 or Cyclin B3. However the use of a dominant negative form of Cyclin D1 indicated that G 1 cyclins are not sufficient to account for the action of Wnt signalling, suggesting that other targets also mediate the mitogenic response of neural precursors to Wnts. 46 In the zebrafish midbrain, Wnt controls proliferation partly through two recently identified target genes: zic2a and zic5, 57 raising the possibility that these genes or related factors participate in the proliferative response of neural cells in the spinal cord.
Despite the increasing evidence, the proliferative role for the Wnt-b-catenin pathway in the spinal cord remains contentious. Thus, in contrast to the view that Wnt-b-catenin signalling regulates neural precursor proliferation directly, alternative interpretations of the experimental results can be formulated. For instance, it is possible that the major role for Wnt-b-catenin is to keep cells in a stem cell state by regulating cell fate rather than promoting progenitor proliferation per se. Although this possibility cannot be excluded, stem cell pools have not been formally identified in the ventricular zone of the spinal cord and further research is necessary to address this idea.
bmPs cAn regulAte wnt sIgnAllIng
In addition to Wnt ligands, members of the BMP family of transforming growth factor-(TGF)b molecules are also expressed in the dorsal neural tube and overlying dorsal ectoderm. Recent studies have begun to provide evidence of a close association between these two sets of signaling molecules during neural tube development. Several lines of evidence indicate that BMP signaling contributes to the patterning of the DV axis of the neural tube, and is required for the correct specification of cell types in dorsal regions 58 (reviewed in refs. 59 and 60). Moreover, BMPs antagonise Shh activity in the neural tube. [61] [62] [63] The mechanistic details of this antagonism remain to be clarified. In addition to these data, BMPs influence the proliferation of neural progenitors. Two classes of seronine/threonine kinase receptors-Type I and Type II-transduce BMP signaling. Binding of BMPs ligands couples the two types of receptors leading to the activation of the Type I receptor which triggers the phosphorylation and activation of members of the Smad transcription factor family.
Activated Smad proteins oligomerize and enter the nucleus where they control gene expression (reviewed in refs. 64 and 65). In transgenic mouse embryos, a constitutively active Type I receptor, BMPRIa, which is normally expressed in early neural tube cells, promotes proliferation. By contrast, a constitutively active BMPRIb induces neuronal differentiation. BMPRIa activity induces the expression of BMPRIb. This sequential activation of BMPRIa and BMPRIb has been proposed to provide a self-limiting feed-forward loop that regulates the identity and size of interneuron populations. 66 Importantly, the effects of BMPs on cell proliferation in the neural tube may be mediated by Wnt signalling. Wnt1 and Wnt3a, as well as other components of the Wnt pathway, are transcriptionally induced by BMPs. 44 Conversely, Wnt signalling can transcriptionally induce BMP ligands. 44, 45 This reciprocal relationship between the two signaling pathways complicates the interpretation of experiments designed to address the activity of the pathways individually. Moreover, recent evidence indicates that BMP and Wnt signaling are mutually antagonistic in the neural tube. Strikingly, BMP2 reduces the levels of Wnt-induced Cyclin D1 in primary neurospheres derived from rat spinal cord; conversely, in similar conditions mitogenic Wnt1 antagonises the levels of BMP2-induced neuronal differentiation. 45 The molecular mechanism of this cross-inhibition remains to be elucidated. Regardless of the mechanism, these findings have led Sommer and colleagues to propose that growth in the dorsal spinal cord is regulated by a balance between Wnt and Bmp signalling. In this view, Wnt signaling favours cell cycle progression, while BMP promotes cell differentiation. 45 This Wnt-Bmp interaction suggests a way in which growth and patterning of the neural tube can be coordinated.
shh Is A mItogenIc And survIvAl FActor In the cns
In the ventral neural tube the secreted protein Shh, a member of the Hh secreted proteins, is best known for its patterning role in specifying neuronal subtype identity. 5 Accumulating evidence, including data from the neural tube, have revealed that in addition to determining cell fate, Shh also influences the proliferation and survival of cells. For the initiation of Hh signaling, two transmembrane proteins are required. The first, Patched (Ptc), is the receptor to which Hh binds and the second, Smoothened (Smo), structurally similar to Frizzled the Wnt receptor, initiates intracellular signaling in response to the Hh signal. [67] [68] [69] [70] [71] In the absence of Hh ligand, Ptc blocks Smo activity; binding of Hh to Ptc releases Smo inhibition which then transmits the intracellular signal. Downstream of Smo the signal culminates with the regulation of the activity of members of the Gli family of transcription factors. Three Gli proteins have been identified in vertebrates: Gli1, which has only transcriptional activator function, and Gli2 and Gli3 that exhibit both transcriptional repressor and activator properties. [72] [73] [74] [75] [76] [77] [78] [79] Transcriptional activation is mediated by full length Gli2 or Gli3 protein while transcriptional repression is revealed by the proteolytic removal of the C-terminal portion of the proteins. In the case of Gli3 there is evidence that the proteolytic processing is regulated by Hh signaling in the absence of Hh, Gli3 is processed to a repressor form and this processing is inhibited by Hh signalling. 72, 74, 76 Shh is expressed in the notochord, ventral to the neural tube, and in the ventral midline of the neural tube. Graded Shh signalling directs the patterning of the ventral neural tube and is critical for the generation of five ventral neuronal progenitor subtypes. [80] [81] [82] A gradient of Gli activity established by Shh signaling can account for the morphogen activity of Shh. 83 Additional to its instructive role, Shh signaling is mitogenic. Shh-Gli activity promotes proliferation of neural progenitor cells in the cerebellum [84] [85] [86] [87] tectum, neocortex and the spinal cord. 84, 88, 89 In both chick and mouse spinal cord, activation of the Shh signaling pathway increases progenitor proliferation and consequently the growth of the neural tube. For example, the neural tube is noticeable larger in mice embryos lacking ligand binding inhibitors of Shh signalling. 90 Moreover, Shh signaling regulates the proliferation and maintenance of CNS neural stem cells. 88, [91] [92] [93] [94] Unsurprisingly, given these data, Shh signaling has also been shown to be mitogenic in several other tissues and increasing evidence implicates dysregulated proliferative responses to Hh signaling in tumorigenesis in the CNS and many other tissues. 52, [95] [96] [97] Additional to mitogenic activity, Shh promotes the survival of neural progenitor cells. Removal of the notochord and floor plate of the neural tube results in a massive apoptotic response in progenitors. This phenomenon can be rescued by supplying an exogenous source of Shh. 98 Consistent with these data, mice deficient in Shh display increased cell death rates in the neural tube, presumptive trunk neural crest, branchial archs and scleretome. [99] [100] [101] [102] In the neural tube, both the mitogenic and survival activity of Shh are cell-autonomous and can be accounted for by the action of Gli proteins. Thus, the expression of Gli1, or a dominant active Gli protein that acts as a constitutive transcriptional activator, increases the proliferation of neural progenitors in the chick neural tube. 89, 103 Conversely, the overexpression of a repressor form of Gli3, which inhibits the activation of Shh responsive genes, decreases cell proliferation and promotes cell death. 89 Together the data suggest a model in which the absence of Shh signaling raises the levels of repressor forms of Gli proteins-mainly repressor forms of Gli3-to a point that inhibits the expression of genes necessary to promote cell cycle progression and cell survival. Consistent with this, the proliferation and survival defects observed in Shh -/-mice are largely rescued in the Shh -/-;Gli3 -/-double mutants. 102 Thus in the absence of inhibitory Gli3, the lack of Shh signaling no longer diminishes the proliferation or survival of neural progenitors.
Links between the Shh-Gli pathway and regulators of G 1 /S transition and cell survival have been demonstrated. Cyclin D1, N-Myc and Bcl-2 are direct targets of Shh-Gli signalling. [104] [105] [106] [107] [108] [109] Moreover, Shh signaling upregulates the G 2 /M regulator CDC25B 110 and the polycomb group protein Bmi1, which is required for the maintenance of stem cells at diverse tissues including the CNS. 111 With the increasing evidence of the importance of Hh in the cell cycle control, it seems likely that the list of cell cycle regulators transcriptionally induced by the Hh pathway will expand. It has been shown that the Shh and PI3 kinase pathways converge on N-myc to promote proliferation of cerebellar neuron precursors. In these cells PI3 kinase signalling stabilises N-Myc by inhibiting its GSK3b dependent degradation. 112, 113 In the cerebellum, N-Myc is essential in mediating the mitogenic activity of Shh. 114 No Shh induced proliferation is detected in N-myc deficient cerebellar granule cell precursors. Moreover, in compound mice consisting of an activated version of Smoothened (SmoA1) and a conditionally disrupted N-Myc there is no hyperproliferation or tumor formation in the cerebellum. 114 The involvement of factors other than Gli proteins in the mitogenic/survival activity of Shh cannot be ruled out. It has been suggested that Ptc1 transduces a death signal in the absence of Shh, independently of Smo and Gli. 115 Moreover, in HEK293T cells, Ptc1 appears to interact physically with Cyclin B1 in the absence of Shh, preventing the nuclear translocation of Cyclin B1 and inhibiting cell proliferation. 116 Nevertheless, the rescue of the mitogenic and survival defects present in Shh -/-mutants in mice that lack both Shh -/-;Gli3 -/-, emphasizes the importance of transcriptional events in these responses. In Shh -/-deficient mice cell proliferation and survival defects are observed along the entire spinal cord D-V axis 100 (see below). This finding suggests that the range of Shh action is greater than the expected from the patterning activity of Shh. Nevertheless, the idea of long range Shh signaling is supported by the observation that Gli1, a direct target of Shh pathway, is expressed throughout the entire neural plate at early mouse embryonic stages. 117 Importantly, the experimental evidence suggests that in the spinal cord, the targets of Shh signaling responsible for progenitor patterning, proliferation and survival are independent of one another. 89 Moreover, cell specification relies on small differences in the level of Shh signalling to impose dramatic changes in cell fate. This contrasts with the function of Shh in controlling cell proliferation, where mitogenic responses are elicited by wide concentration ranges of Shh (Fig. 2) . How this is achieved will require more detailed knowledge of the mechanisms by which Shh-Gli signalling regulates the expression of targets involved in cell specification and cell cycle progression. 45, 46 The antagonistic activity of BMPs on Wnt signalling may account for these observations. The reverse situation is seen when the Shh pathway is manipulated: a more dramatic overgrowth is observed in dorsal positions. 89 Currently, the evidence indicates that the proliferative activities of both signals are mediated through a similar set of target genes. [53] [54] [55] 105, 106 Obviously, a detailed characterisation of genes regulated by Wnt and Shh signaling may identify distinct targets that are uniquely controlled by one or other signal. However, an attractive model is that both signals converge on a common set of target genes that are mitogenic and pro-survival to neural progenitors. This strategy would contrast with the opposing roles of the two signals in the control of DV patterning.
This simple model of proliferation control in the neural tube has been complicated by the observation that, contrary to expectations, the defects in proliferation and survival seen in Shh -/-mice are distributed along the entire axis of the neural tube. 100 Why Wnt signaling, emanating from the dorsal neural tube, cannot sustain the survival/proliferation of progenitors in dorsal positions in the absence of Shh had been puzzling. The recent findings that negative regulators of Shh pathway, Supressor of Fused (Sufu) and repressor isoforms of Gli3, antagonise Wnt signaling have begun to suggest an explanation. [119] [120] [121] Strikingly, canonical Wnt signalling is reduced in the dorsal neural tube in the absence of Shh. This inhibition is rescued in Shh -/-,Gli3 -/-mice suggesting that inhibitory Gli activity blocks canonical Wnt signalling. 121 Consistent with this, the expression of a repressor Gli3 protein (Gli3R) in chick neural tube inhibits Wnt signalling and b-catenin activity. Although the mechanistic details of this effect have to be determined, Gli3 physically interacts with b-catenin, suggesting the possibility that Gli3 exerts its inhibitory action by recruiting co-repressors or by displacing b-catenin co-activators. 121 Experimental evidence indicates that another negative regulator of Shh pathway, the protein Sufu, also inhibits Wnt-b-catenin pathway 119, 120 possibly by sequestering b-catenin in the cytoplasm. Consistent with this, Sufu interacts with b-catenin. 119, 120 Whether this interaction is direct or via other proteins, such as Gli proteins, remains to be determined. Moreover whether the inhibitory activity of Sufu on Wnt-b-catenin signalling is regulated by Shh signaling has not been established and the role that Sufu might have in the Gli3R-b-catenin interaction needs to be evaluated. Nevertheless, these data suggest that Shh signalling is permissive for Wnt-b-catenin activity and that cross-talk between components of the two pathways might be a feature of signaling in the spinal cord. This suggests an explanation for the reduced proliferation throughout the neural tube of Shh mutant embryos.
Several other puzzling observations may also reflect unanticipated cross-talk between Shh-Gli and Wnt-b-catenin signalling. For example, it is unclear why neural progenitor proliferation is increased in Gli2;Gli3 double mutants mice. 77 These embryos lack the expression of all Gli proteins. One intriguing possibility to account for the raised mitotic rate in the spinal cord of these embryos is that both positive and negative transcriptional isoforms of Gli proteins antagonise Wnt signaling. The loss of all Gli proteins would therefore result in enhanced Wnt signalling in Gli2 -/-;Gli3 -/-mice. Notably, in colorectal cancer cells it has been reported that Gli1 down-regulates stabilised b-catenin activity. 122 Smad proteins have also been reported to interact with Gli transcription factors, although the involvement of this interaction in the neural tube development is yet to be determined. 123 Perhaps interactions between Gli-Smad-b-catenin proteins may be pivotal in the integration of Shh Wnt and Bmp pathways in the forming spinal cord.
The negative effect of Gli3R on b-catenin extends beyond the neural tube and is observed in a range of tissues and cell types. 121 Consistent with this, canonical Wnt signaling appears to be, at least partially, inhibited in the absence of Shh in several situations. In explants from embryonic cerebral cortex, the proliferation induced by Wnt7a is reduced when Shh signalling is blocked. 124 In addition blocking Shh signalling induces apoptosis in some colorectal adenoma and carcinoma-derived cells that contain activating mutations in the Wnt signaling pathway. 125 By analogy to the inhibitory effect of Gli3R in the spinal cord, Gli3R may directly inhibit b-catenin in a range of cell types in addition to inhibiting the expression of genes required for cell cycle progression and survival. Further investigation will be needed to address the contribution that inhibition of b-catenin function has in these contexts.
PersPectIve And concludIng remArKs
Together, the evidence suggests a model for the control of cell survival and proliferation in the spinal cord in which two mitogenic gradients, emanating from opposite poles of the neural tube, control cell growth in the spinal cord-BMP/Wnts from the dorsal side and Shh from the ventral side. Several feedback and cross-regulatory interactions within and between components of these pathways operate in the neural tube to influence the activity of each signal (Fig. 3) . What selective or functional advantage this arrangement of mitogenic activity confers needs to be clarified. One outcome of the interactions between Shh and Wnt signaling is to trigger cell death in the absence of either mitogenic signal. In both Shh mutant mice and in embryos in which b-catenin has been conditionally removed from the spinal cord increased apoptosis is observed throughout the DV axis. 51, 100 The consequence of this would be to ensure that the growth of the spinal cord is constrained within certain limits. Any overgrowth in a developing spinal cord would result in decreased proliferation or apoptosis of cells that expand beyond the range of either Shh or Wnt signaling. Thus any further expansion would be restrained. Likewise, the presence of polarised sources of mitogenic activity may also render the regulation of neural tube growth more robust. Mild, stochastic reductions in the production or spread of one ligand could be compensated for by the other mitogen, hence preventing major fluctuations in neural tube growth during development.
Finally, the fact that the same set of signals simultaneously controls tissue growth and patterning may help explain the remarkable scalability of development. Across the vertebrate subphylum the DV patterning of the spinal cord remains largely similar. Thus the size of individual DV progenitor domains remain in consistent proportion to the dimensions of the neural tube despite significant differences in the absolute size of the spinal cord between species.
Deploying a single signal (or set of signals) for both the patterning and the growth of the neural tube could account for this (Fig. 4) . In this view, modifying the levels of morphogen production, or the rate of its spread, could specify different tissue sizes. Concomitantly, this alteration in morphogen distribution would produce a change in the gradient, which is responsible for cellular patterning. Accordingly the size of individual domains of progenitors would change as a function of tissue size, thereby maintaining the proportionality of pattern to tissue size (Fig. 4) . Signal cross-talk in the spinal cord. Shh and Wnt ligands, signalling through Gli and b-catenin proteins respectively, transcriptionally regulate cell cycle progression genes, for example Cyclin D1. In the absence of Shh, Gli3 protein is processed into a N-terminal truncated form (Gli3R) that acts as a repressor transcription factor. In addition to inhibiting cell cycle progression genes, Gli3R can inhibit Wnt-b-catenin signalling. Moreover, Gli3R can promote apoptosis, presumably by inhibiting Bcl-2. Sufu, a negative regulator of Shh pathway, appears to also negatively affect Wnt signalling. Bmp signalling has been reported to promote cell differentiation and to antagonise proliferative effects of Wnt signalling. Finally, Shh and BMP signaling appear to have opposing activities.
Taken as a whole, recent studies have begun to reveal the existence of unanticipated mechanisms of co-ordination between the growth and patterning of the neural tube. Similar strategies are likely to underlie the development of other tissues. Details of the mechanisms by which the key signals are interpreted and how cellular specification and proliferation processes operate still remain to be worked out. Nevertheless it is clear that cross-talk between signal transduction pathways as well as convergence of different signaling pathways on overlapping sets of target genes play crucial roles. Deciphering these mechanisms constitutes an exciting field for future research. . Growth control by morphogens and embryonic scalability. By regulating both cell specification and cell growth, morphogens would entrain tissue size to tissue pattern. In this view, an increase in morphogen production would produce a tissue with increased size which is patterned in the same proportions as tissue exposed to lower concentrations of morphogen. In contrast if morphogen signaling did not regulate the growth of the tissue, the proportionality of tissue patterning would be altered by changes in morphogen production.
